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Abstract 

The preferred basis problem is mentioned in the literature in connection with the 
measurement problem and with the Many World Interpretation. It is argued that 
this problem actually corresponds to two inequivalent problems: (i) the preferred- 
decomposition problem, i.e., what singles out a preferred decomposition of a suitable 
state vector of a system as the sum of a finite or countable set of vectors?, and (ii) 
the preferred-representation problem, i.e., what singles out a preferred representation 
for the Hilbert space of a system? In this paper the preferred-decomposition problem 
is addressed and two processes, namely decoherence and permanent spatial decompo- 
sition (PSD), are examined and compared as possible solutions to this problem. It is 
shown that, perhaps contrary to common belief, in realistic situations decoherence is 
not sufficient to solve the preferred-decomposition problem. PSD is the (hypothesized) 
tendency of the wave function of the universe to decompose into permanently non- 
overlapping wave packets. Three phases can be roughly identified as composing PSD: 
Microscopic decomposition, amplification, and interaction with the environment. Deco- 
herence theory considers only the interaction with the environment and ignores the first 
two phases. For this reason PSD is fundamentally different from decoherence and, unlike 
decoherence, provides a simple and non-elusive solution to the preferred-decomposition 
problem. 

1 The preferred-basis problem 

The preferred basis problem is mentioned in the literature in connection with the measurement 
problem and with the Many World Interpretation (MWI). In the first case it refers to the 
problem of how to decompose the post-measurement state of microscopic system + apparatus 
into the sum of states corresponding to the various possible outcomes of the measurement [1] , 
while in the second case it refers to the problem of how to decompose the wave function of 
the universe into the sum of states corresponding to the different worlds |2J. This is better 
explained in the section [3j There is however a certain ambiguity in regard to exactly what 
the preferred-basis problem is. Consider the following examples. 
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In Section 2.5.2 of the book [TJ, the preferred-basis problem in the measurement process is 
presented as (a) the non-uniqueness of the Schmidt decomposition of the post-measurement 
state of microscopic system + apparatus. On the other hand, on page 50 of the same book 
the preferred-basis problem is defined as follows: (b) "What singles out the preferred physical 
quantities in nature-e.g., why are physical systems usually observed to be in definite positions 
rather than in superpositions of positions?" . Definitions (a) and (b) are clearly not equivalent, 
at least from a formal point of view. 

Another example: in [5] one can read that (c) "there are always many ways one might 
write the quantum-mechanical state of a system as the sum of vectors in the Hilbert space; in 
choosing a preferred basis, one chooses a single set of vectors that can be used to represent a 
state and thus one chooses a single preferred way of representing a state as the sum of vectors 
in the Hilbert space". On the other hand, in the same text one can also read: (d) "The 
problem of choosing which observable to make determinate is known as the preferred-basis 
problem" . 

The texts quoted suggest that there are arguably two inequivalent versions of the preferred- 
basis problem. In order to obtain a more precise formulation, let us recall the two notions 
of decomposition and of representation. Let be the Hilbert space of a system S. In the 
context of the measurement problem S is the compound system consisting of the microscopic 
system + apparatus, while in the context of the MWI it is the whole universe. A decomposition 
of a vector | S) G Hs can be defined as a finite or countable set of linearly independent vectors 
{| Si), | S2), . . .} such that Y^i \Si) = \S) (see section |5]). On the other hand a representation 
for %s is an orthonormal or generalized basis of Hs- A representation is typically defined by 
a complete set of commuting observables, whose proper or generalized eigenvectors constitute 
the representation. For example, position operators are a complete set of commuting observ- 
ables for a system of N spinless particles, and they define the generalized basis {\x)} xeR 3N . 
The two notions of decomposition and of representation are obviously inequivalent. In fact, 
an orthonormal basis also defines a decomposition for any vector of Us, but this is no longer 
true for a generalized basis as, for example, position representation. On the other hand, a 
generic decomposition of a given vector certainly does not form a basis. Note that a decom- 
position refers to a specific vector, while a representation refers to the whole Hilbert space. 
Since a vector usually evolves with time, a decomposition may evolve with time as well, while 
a representation is typically fixed. 

Therefore, according to the texts quoted above, it appears that at least the following two 
versions of the preferred-basis problem can be formulated: 

A. The preferred- decomposition problem: what singles out a preferred decomposition of a 
suitable vector IS*) e %s? 

B. The preferred-representation problem: what singles out a preferred representation for 

The quoted definitions (a) and (c) arguably correspond to the preferred-decomposition prob- 
lem, while the quoted definitions (b) and (d) appear to correspond to the preferred-representation 
problem. In fact, singling out a set of physical quantities means singling out a (complete) set 
of commuting observables. 

In this paper only the preferred-decomposition problem will be addressed because, as 
explained in section [3j it is the most directly connected with the measurement problem and 
with the problem of defining the worlds in the MWI. In particular, two possible solutions 
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to the preferred-decomposition problem will be discussed, namely (i) decoherence and (ii) 
permanent spatial decomposition (PSD). Decoherence is probably the mainstream solution 
to the preferred-decomposition problem [U dl El El E] , even though the limits of this solution 
have been emphasized [HE]- In this paper the usual reasoning leading to the conclusion 
that decoherence solves the preferred-decomposition problem is reviewed, and its weakness 
is emphasized. PSD is the (hypothesized) structural tendency of the wave function of the 
universe to decompose into the sum of permanently non-overlapping parts. The name PSD 
has been proposed for the first time by the author [9J, but this process has already been 
considered and studied in the literature, mainly in connection with the de Broglie-Bohm 
theory [ID1 HI| H21 H5| IH| H5| [15] but not only QS]. PSD is therefore mainly known and 
considered in the rather restricted community of Bohmian physicists, and for this reason it 
is not often explicitly mentioned as a possible solution of the preferred-basis problem. As 
in decoherence theory, the interaction with the environment (IWE) plays an important role 
in the process of PSD, but it will be shown that this process also includes two dynamical 
phases which are not considered in decoherence theory, namely microscopic decomposition 
and amplification. For this reason PSD is fundamentally different from decoherence, even 
though these two phenomena are not always clearly differentiated in the literature. This will 
be discussed in section HI where it will be shown that, unlike decoherence, PSD provides a 
non-elusive solution to the preferred-decomposition problem. 



2 Decoherence 

Decoherence theory [T51 [201 H] studies the evolution of a system S interacting with an envi- 
ronment £. The evolution of S is represented by the reduced density matrix 

p s (t) :=Tr £ {U(t)\y )(y \U\t)}, (1) 

where \^q) an d U(t) are the initial state and the time evolution operator of <S + £, respec- 
tively. Typically the system is mesoscopic or macroscopic, and the environment has a very 
large number of degrees of freedom, whose detailed knowledge is not interesting for the experi- 
menter. Decoherence theory studies in particular those interactions in which the environment 
has a small dynamical influence on the system; for example, if the system is a mesoscopic 
particle which scatters environmental particles, decoherence theory is mainly concerned with 
the situations in which the environmental particles do not significantly alter the momentum of 
the mesoscopic particle. In these situations the main effect of the environment on the system 
derives from the pure quantum mechanical phenomenon of entanglement. 

In this section the most relevant physical and mathematical features of decoherence theory 
will be exemplified by considering three different theoretical models of decoherence, namely 
(i) the ideal decoherence model, (ii) the damped harmonic oscillator and (iii) the collisional 
decoherence model. 

The ideal decoherence model ([IFJ, section 4.1). This model represents a highly 
idealized situation, and it is useful mainly because it well exemplifies the main conceptual 
features of decoherence. This model is defined by the following three dynamical rules: 

1. Pointer states: There exists a set {|Si)}j e / of states of S which are stable under time 
evolution, that is 

U(t)\S i )\E) = \S i )\Ei(t)) (2) 



3 



for t > and for any state \E) of £. The states {\Si)} i& j are referred to as pointer 
states. 

2. Pointer basis: The pointer states form an orthonormal basis {(^i), IS2), • • •} of the 
Hilbert space of S; this basis is referred to as the pointer basis. 

3. Decoherence: The states {\Ei(t)) , \E 2 (t)) , . . .} have the property that (Ei(t)\Ej(t)) ~ 5ij 
for t ^> td, where td is a suitable time scale which is referred to as the decoherence 
time scale. 

The name decoherence for property 3 has been chosen for the following reason. If \S)\E) = 
(Si c i\£>i)) \E) is the initial state of S + £, then 

p s (0) = \S)(S\ = J2^c*\S t )(S ] \^ p s (t)^J2\ c ^\ S ^^\ for t>>r ^ ( 3 ) 

» 

In words, the initial pure state density matrix ps(0) evolves to the mixed density matrix ps(t), 
which is diagonal in the pointer basis and time-independent. The coherence between different 
pointer states is therefore suppressed by IWE. 

Rules 1 and 3, namely the existence of stable pointer states and the suppression of co- 
herence between orthogonal pointer states are the most relevant effects of IWE studied in 
decoherence theory, and they are present in practically all the models of decoherence. How- 
ever in more realistic models there is no state exactly satisfying the condition ([21 , and therefore 
in such models the pointer states are defined as the states which satisfy "as much as possible" 
that condition. The exact mathematical form in which the requirement "as much as possible" 
is expressed, and therefore the exact mathematical definition of pointer states, depends on 
the specific decoherence model. In what follows the name "pointer state" will be reserved 
for the states for which a precise mathematical definition has been given, while the states 
which satisfy approximately the condition fl2]), namely that evolve slowly compared to the 
decoherence time scale and become few entangled with the environment, will be generically 
referred to as robust states. 

Contrary to rules 1 and 3, rule 2 has no general validity, not even in an approximate form. 
In other words, in more realistic models of decoherence the pointer states typically form an 
overcomplete basis rather than an orthonormal basis. This is well exemplified by the second 
decoherence model we will examine. 

The damped harmonic oscillator. In order to study this model, it is necessary 
to introduce the coherent states of the harmonic oscillator (2T]. Let H$ = ua^a be the 
usual Hamiltonian of a harmonic oscillator, where and a are the creation and anni- 
hilation operators, respectively. The coherent states {|a)} ae c are the normalized eigen- 
vectors of the non-Hermitian operator a, that is a\a) = a\a). They are not orthogonal: 
(a\(3) = exp(— \a\ 2 /2 — \(3\ 2 /2 + a(3*), and they form an overcomplete set of states satisfying 
the completeness relation - J \a)(a\d 2 a = I. 

Let us now consider the damped harmonic oscillator at zero temperature ([19], Section 
4.4). In this case the reduced density matrix satisfies the following master equation: 

Ps{t) = {-iu - ^ ) a ] ap s {t) + (iu - ^ ) p s (t)a?a + ^ap s (t)a^ . (4) 
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The solution of (J4j) with initial value ps(0) = |a)(/3| is 

Ps (t) = f(t)\a t ){f3 t \, (5) 

where 

a t = a exp(—iu — jt/2), 

Pt = /3exp(-iw-7*/2), (6) 
/(£) = (/3| a ) [1 - cxp( - 7 * )] . 

From (j5J) one deduces that if ps(0) = |«)(ct| then ps(i) = \a t )(a t \, that is coherent states 
remain pure under time evolution; for this reason they are identified as the pointer states of 
the damped harmonic oscillator. Moreover, if ps(0) = | with \S) = ci\a) + C2 1/3) , then 

Ps(t) = \ci\ 2 \a t )(a t \ + |c 2 | 2 |A)(A| +c lC * 2 f(t)\a t }((3 t \ + c\c 2 r{t)\(3 t )(a t \. (7) 

For t 3> 7 _1 we have f(t) ps ((3\a), and therefore if |(a|/3)| the interference terms of ps(£) 
are suppressed in the long time limit. 

By comparing the properties of the damped harmonic oscillator with the three dynamical 
rules of the ideal decoherence model we can reach the following conclusions: (1) robust states 
still exist, and the pointer states can be reasonably identified with the coherent states; (2) the 
pointer states do not form an orthonormal basis; (3) pointer states diagonalize the reduced 
density matrix of the system (i.e., the coherence among pointer states is suppressed by IWE) 
only if the initial state of the system is the superposition of (quasi) orthogonal coherent states. 

Let me remark in particular in regard to the following two consequences of the fact that 
the pointer states do not form an orthonormal basis: (i) they do not define any decomposition 
for a generic vector of the system and, (ii) contrary to what is perhaps commonly considered 
as a general property of pointer states, they do not diagonalize a generic density matrix of 
the syste 

The model of collisional decoherence. In this model the environment is composed of 
a large number of environmental particles (air molecules or photons) which are scattered by 
the system [2U [20J, Q]. Here I will not enter into the mathematical details of this model, but 
will limit myself to saying that this model has features very similar to those of the damped 
harmonic oscillator. In this model the robust states of the system are spatially narrow wave 
packets, which of course are not necessarily orthogonal. The coherence between two wave 
packets is rapidly suppressed provided that the wave packets are spatially well separated. 
Recently, an exact definition of pointer states has been proposed for this model [25], and it 
has been shown that they form an overcomplete basis. 

1 Unfortunately this subject is often referred to with a certain ambiguity or approximation in the literature. 
For example, in [23] one can read: "Einselection chooses a preferred basis in the Hilbert space in recognition 
of its predictability. That basis will be determined by the dynamics of the open system in the presence of 
environmental monitoring. It will often turn out that it is overcomplete. Its states may not be orthogonal, 
and, hence, they would never follow from the diagonalization of the density matrix" . Nevertheless, in a recent 
paper of the same author [23], one can read: "In this sense, pointer states are distinguished not only for 
forming the stable basis in which the density matrix of the system diagonalizes but also for being redundantly 
copied into the environment" . 
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3 Does decoherence solve the preferred-basis problem? 



Since the famous 1981 paper of Zurek: Pointer basis of quantum apparatus: Into what mixture 
does the wave packet collapse? [26J, the preferred-basis problem in the measurement process 
and its solution by means of IWE and decoherence is the introductory subject of many texts 
about decoherence (for example [HQ]). Let us briefly review this. 

In the situation of the measurement process the system S is the compound system A4+A, 
where M. is the microscopic system to be measured and A the apparatus. Let us assume that 
an observable is measured possessing a basis of non-degenerate eigenvectors {|0i}, [02) , ■ ■ ■}■, 
and that Ai is initially in the state \<pi) + \<p 2 ). According to the usual ideal measurement 
scheme, at the beginning of the measurement the state of S is (\4>i) + \<fi2))\A ), where \A ) 
is the "ready" state of the apparatus, and at the end of the measurement its state is 

\S) = \ < k)\A 1 ) + \th)\A 9 )=:\S 1 ) + \S 2 ), (8) 

where \Ai) is the state of the apparatus which has measured the outcome i = 1,2. The 
preferred basis problem is presented as the fact that, other than with decomposition OH]), 
many other Schmidt decompositions exist for \S), for example 

\S) = + \<h)){\Ai) + \A 2 )) + |(|0i> - \h))(\Ax) - \A 2 }) =: \S[) + \S> 2 ). (9) 

The claim is usually made that, due to this ambiguity, the actual observable which is measured 
in the experiment is not defined until S interacts with the environment. This interaction 
removes the ambiguity in favor of decomposition (JSj), because the states \S\) and IS2) (but 
not the states \S[) and \S' 2 )) are pointer states and decohere, that is: 

\S)\E) -> U(t)\S)\E) « {S^E^t)} + \S 2 )\E 2 (t)), with (EiWlEtf)) « 5 tj for t > r D . (10) 

Equations (ITU1) guarantee that the density matrix of S is diagonalized by the states \Si) and 
\S 2 ). The conclusion is therefore reached that IWE and its effects, namely the definition 
of pointer states and decoherence, solves the preferred-basis problem in the measurement 
process. 

At this point, three remarks are relevant. First of all we see that in this example the 
preferred-basis problem corresponds to the preferred- decomposition problem, because we are 
only interested here in finding a preferred decomposition of the specific vector \S) and certainly 
not in finding a complete representation for the whole Hilbert space of S. 

Secondly, as already noted by other authors [27] 128] , in this ideal model of measurement 
the decomposition {|Si), \ S 2 )} can be singled out without invoking IWE. In fact we can 
simply note that the states \<f>i) and \(f> 2 ) (but not the states |0i) + \(p 2 ) and \<pi) — \4> 2 )) of 
the microscopic system are stable with respect to the interaction with the apparatus, namely 

\</>i)\Ao) -)• \(f>i)\Ai) for i = 1,2. (11) 

This criterion of stability singles out the decomposition {\Si), \S 2 )}, even though in this case 
stability is in relation to the interaction A4-A rather than to the interaction S-S. This 
criterion is however no longer applicable to less simple but more realistic models of the mea- 
surement process (see for example [29J), and therefore the preferred-decomposition problem 
remains a real problem of the measurement process. 
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The third remark, which is the most important for us, is that IWE plays only a partial 
role in the solution of the preferred-decomposition problem, for the following reason. If the 
ideal decoherence model were applicable to the measurement process, IWE would define an 
orthonormal pointer basis for the system, and a preferred decomposition would be defined for 
a generic state |S) of S. However, it is rather evident that the ideal model is not appropriate 
for a real measurement performed with real macroscopic apparatuses: For example, what 
would be the orthonormal pointer basis defined by IWE in the Hilbert space of, let us say, a 
photomultiplier? Note that such a space is the Hilbert space of the particles composing the 
photomultiplier, and the overwhelming majority of its states do not even remotely resemble 
a photomultiplier. The collisional model is certainly more appropriate for the measurement 
process; recall that in this model the pointer basis is an overcomplete (and therefore not 
orthonormal) basis, and the pointer or robust states are narrow wave packets. Thus IWE 
cannot single out a preferred decomposition of a generic state |S) of S, and the decomposition 
{| Si), IS2)} can be singled out as preferred only if |Si) and |S 2 ) are two narrow and spatially 
separated wave packets^]. It is therefore necessary to hypothesize the existence of another 
process, preceding and independent of IWE, which "prepares" the state |S) in the required 
superposition. It is evident that such a process, together with IWE, also has to be considered 
responsible for the existence of a preferred decomposition of |S). This new process (actually 
two processes, as we will see) is a part of the general process of PSD that will be examined in 
the next section. The conclusion is therefore that the IWE alone cannot solve the preferred- 
decomposition problem in the context of the measurement process. 

It may be useful to reformulate the above reasoning in a more general way and relate it 
to the experiments in which decoherence has been empirically tested. The previous reasoning 
allows the following conclusion: in most realistic situations, including realistic measurement 
processes, the IWE does not define an orthonormal pointer basis for the system; as a con- 
sequence, IWE destroys coherence among robust states of the system only if the system has 
been previously prepared in a superposition of orthogonal or spatially separated robust states, 
and IWE plays no role in such a preparation phase. For example, Zeilinger and coworkers 
have realized the controlled decoherence of a beam of C70 molecules in a double-slit like ex- 
periment; in this experiment the initial superposition of spatially separated wave packets has 
been prepared by making the molecules pass through three free-standing gold gratings [30] . 
In another experiment Brune and coworkers have realized the controlled decoherence of a 
mesoscopic superposition of two quasi-orthogonal coherent states of the electromagnetic field 
in a cavity; in this case as well, the initial superposition has been prepared by means of a 
specific and clever experimental setup [3Tj . 

Let us now consider the preferred basis-problem in the context of MWI. In [2] it is assumed 
that the quantum state of the universe is decomposable into the sum of worlds: 

|^ UNIVERSE) = Ctjj^WORLDi) ■ (12) 

The preferred-basis problem is presented as the problem of how to define the decomposi- 
tion (1121) . and it is obvious that in this case this problem also corresponds to the preferred- 
decomposition problem. If we attempt to make use of pointer states for defining the decom- 
position fTl2l) we encounter the same problems as in the case of the measurement process, with 

2 This also corresponds to our usual intuitive image of the post-measurement state, where the states \S\) 
and |«S2) represent the apparatus with two different macroscopic positions of the pointer. 
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Figure 1: Schematic representation of the process of permanent spatial decomposition. The 
gray zone is the support of the wave function; it is slightly fuzzy to emphasize the fact that 
the support can be only vaguely defined. 



the following complication: The definition of pointer states is based on the decomposition of 
the global system into system + environment, and it is not at all clear how to perform such a 
decomposition when the global system is the universe; this is considered to be a severe con- 
ceptual difficulty of decoherence theory [22| 132] . The conclusion is therefore that decoherence 
does not even solve the preferred-decomposition problem in the context of the MWI. 

Nevertheless, decoherence also appears to be the mainstream solution in this situation 
[21 El E]- There are however also some criticisms. For example, Zeh claims that (in the 
context of decoherence theory) "The precise definition of the dynamically independent com- 
ponents ('branches') remains elusive" [7]; also Stapp, on the basis of reasoning analogous to 
that presented here, concludes that decoherence does not solve the preferred-decomposition 
problem in MWI [8]. 

4 The process of permanent spatial decomposition 

The process of permanent spatial decomposition (PSD) is the (hypothesized) structural ten- 
dency of the wave function of a macroscopic system, typically the universe, to decompose into 
permanently non-overlapping parts, where "non-overlapping" is understood to mean "approx- 
imately non-overlapping in configuration space". Following Bohm [T3], the non-overlapping 
elements of the decomposition will be referred to as channels. Recall that for two state vectors 
representing the universe to be non-overlapping, it is sufficient that they differ with respect 
to the position of a single particle. After decomposition every channel is typically subjected 
to further decomposition, thus determining the emergence of a tree-like pattern for the wave 
function, as schematized in fig. [TJ 

The typical situation in which PSD is assumed to take place is the measurement process: 
At the end of a measurement the wave function of the universe (microscopic system + ap- 
paratus + rest of the universe) decomposes into n elements, corresponding to the n possible 
outcomes of the measurement. The elements are non-overlapping because they represent the 
apparatus with macroscopically different positions of the pointer, and they are permanently 
non-overlapping because IWE makes their spatial separation irreversible and permanent. By 
keeping in mind the measurement process, we can roughly identify three phases in the dy- 
namics of PSD: (1) microscopic decomposition, (2) amplification, and (3) IWE. 
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(1) The decomposition of the wave function into channels originates on the microscopic 
level, mainly in the scattering processes, which have a structural tendency to generate such 
a form of decomposition. For example: (i) under suitable initial conditions a wave packet 
scattered by a potential barrier splits into a transmitted and a reflected wave packet, (ii) The 
wave function of an incident particle scattered by a massive particle splits into the scattered 
and the non-scattered part, (iii) Since states with a different number or type of particles 
can be naturally considered as non-overlapping, different scattering channels correspond to 
different channels in the sense of PSD. For example, a photon 7 scattered by an atom a can 
ionize the atom or not: 



where the state |e)|a + ) represents the atom ionized and the electron emitted. 

(2) In the amplification phase the microscopic system interacts with an amplifying system, 
typically an apparatus, and the spatial separation of the channels is amplified on a macroscopic 
level. Typical amplification processes occur in a photomultiplier or in a bubble chamber. 

(3) In the third phase the amplifying system (the apparatus) interacts with the environ- 
ment and the spatial separation of the channels transfers to the environment and becomes 
permanent, even though the channels of the apparatus or of the microscopic system succes- 
sively overlap again. Here IWE has a slightly different feature than in decoherence theory; 
this can be explained in the case of the measurement process by utilizing the same notation 
as in the previous section. Assume as usual that immediately after the measurement, i.e., im- 
mediately after the amplification phase, the state of S + £ is \S)\E) = (|Si) + \S2))\E), where 
I Si) and IS2) are two non-overlapping wave packets corresponding to two macroscopically 
different configurations of the pointer of the apparatus. IWE is described by the following 
transaction: 



Recall that equation ()14|) holds true because wave packets are robust states in the collisional 
decoherence model, which is the most appropriate model in this case. In the usual decoherence 
scheme the states \Ei(t)) and \E 2 {t)) are required to be orthogonal for t greater than the 
decoherence time scale, while in the process of PSD they are required to be non- overlapping. 
This more stringent requirement is reasonable due to the presence of the amplification phase, 
which causes the states |Si) and IS2) to be different on the macroscopic level. 

An experimental situation which well exemplifies the three phases of PSD is the beam 
splitter experiment: A particle is emitted by a source toward a beam splitter at an angle 
of 45° with respect to the direction of the incident particle. After the beam splitter there 
are two detectors, one for the transmitted and one for the reflected particles. Microscopic 
decomposition occurs when the incident wave packet crosses the beam splitter, amplification 
occurs when the transmitted and the reflected wave packet are detected by the corresponding 
detector, and IWE occurs after detection. 

PSD was discovered and studied by Bohm in connection with his ontological formulation 
of quantum mechanics [101 [HJ [T2], [13] . The reason why PSD is important in this formulation is 
the following. According to such a formulation, the particles of the universe follow a trajectory 
in configuration space defined by the guidance equation. After a measurement the actual 
trajectory enters and stays in one of the channels in which the wave function decompose^. 

3 Even though it has not been rigorously proved, the fact that the overwhelming majority of the Bohmian 
trajectories remain inside the non-overlapping channels of the wave function is very reasonable and is com- 




(13) 



\S)\E) -> U(t)\S)\E) « \S x )\m)) + \S2)\£h(t)). 



(14) 
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Since the channels are permanently non-overlapping, the "empty" channels do not influence 
the actual trajectory, which evolves as though the other channels were collapsed. This is the 
so-called effective collapse of the wave function, which guarantees that the predictions of the 
de Broglie-Bohm theory correspond to those of standard quantum measurement theory, in 
which the "empty" channels are assumed to actually collapse. 

Decoherence and PSD are not always clearly differentiated in the literature. For example, 
in [33] one can read: "This criticism is only sharpened by the recognition that decoherence 
-central to the modern view of Everett- is also essential in the Bohmian picture. Although 
the Bohmian corpuscle picks out by fiat a preferred basis (position), the de Broglie-Bohm 
theory still has to tell some story about the measurement-induced effective collapse of the 
wavefunction. Bohm recognised this in 1952; from a modern perspective, we recognize this as 
the requirement that (1) decoherence occurs, and (2) the preferred basis which it picks out 
is (approximately) the position basis". Another example: in Section 9.2 of the book [31] . the 
authors describe the process of effective collapse, and after this they claim: "We have exactly 
the same effect in quantum mechanics, where it is called decoherence". On the contrary, 
in [35] the difference between PSD and decoherence is recognized: "De Broglie-Bohm theory 
and decoherence contemplate two a priori distinct mechanisms connected to apparent collapse: 
respectively, separation of components in configuration space and suppression of interference. 
While the former obviously implies the latter, it is equally obvious that decoherence need 
not imply separation in configuration space". In the previously introduced notation, this 
claim corresponds to the fact that if \Ei(t)) and \E2(t)) are non-overlapping they are also 
orthogonal, but the opposite implication is not true. 

It may be useful to discuss a concrete example in which decoherence, but not PSD, takes 
place. Consider the double-slit experiment and assume that immediately after crossing the 
two slits the particle interacts with an environmental photon. This interaction is represented 
by the transaction 

(|<M + |02>)|7>-H<Ml7i> + I02)|72), (15) 

where \4>i) is the part of the wave function of the particle which have crossed the slit i — 1, 2, 
and |7i) represents the photon scattered by The states I71) and I72) are non-overlapping, 
but it is reasonable to admit that they spread and overlap under time evolution. Since 
also the two states |0i) and | ^2) overlap again in the proximity of the photographic plate, 
the states |0i)|7i) and |02) IT2) overlap under time evolution, and therefore PSD does not 
take place. However I71) and I72) remain orthogonal, thus decoherence takes place and the 
interference fringes do not appear on the photographic plate. This reflects the fact that, even 
though the environmental photon has recorded the slit crossed by the particle, there is no 
macroscopic observer aware of this information. In order to make this information accessible 
to a macroscopic observer it is necessary to amplify the difference between the two states I71) 
and I72) on a macroscopic level, and this leads unavoidably to PSD. With reference to the 
three phases of PSD, in this example we have microscopic decomposition and IWE, but not 
amplification. From this example it also follows that PSD rather than simple decoherence 
appears to be a more appropriate process for characterizing measurement-like interactions. 

Let us therefore summarize the two main differences between decoherence and PSD: (a) 
decoherence theory only considers IWE, while PSD includes other two dynamical processes, 
namely microscopic decomposition and amplification; (b) in decoherence theory the states 
of the environment relative to orthogonal pointer states (e.g., the states \Ei(t)) and \E 2 (t)) 

monly assumed in the literature. 
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of equation (Tl4|) ) are required to be orthogonal, while in PSD they are required to be non- 
overlapping. 

If PSD is proven to be a real phenomenon, it certainly provides a simple and clear solution 
to the preferred-decomposition problem in the measurement process and in the MWI. By 
looking at fig. [I] we see that the decomposition of the wave function into channels is evident 
at all times. There is a certain vagueness in regard to where the boundary between different 
channels has to be positioned, and also in regard to when a given channel can be considered as 
decomposed into sub-channels. This depends on the fact that PSD determines the emergence 
of a pattern of the wave function of the universe, and typically patterns are vaguely defined. 
Nevertheless they can be evident and real. For example, if the density ??(x) of water vapor 
in the sky has a suitable pattern we see evident and well defined clouds, even though the 
boundary of a cloud cannot be exactly determined on a microscopic level. PSD would have 
to guarantee that the wave function ty(x,t) of the universe has a pattern which allows us 
to "see" channels which are evident and well defined on a macroscopic level. See [6] for a 
conceptual discussion about the emergence of the worlds in the MWI as a pattern of the wave 
function of the universe. 

One final remark is necessary: Unlike the pointer states of decoherence theory, the channels 
of the wave function of the universe can be determined independently of any decomposition 
of the universe into system and environment. This implies that PSD does not suffer, as 
decoherence does, from the problem of how to define such a decomposition in the context of 
the MWI. 

5 Formal representation of the pattern of permanent 
spatial decomposition 

As mentioned previously, PSD determines the emergence of a pattern in the wave function 
of the universe, which is schematically shown in fig. [TJ This pattern is vague, as patterns 
usually are, but nevertheless a formal representation of it can be given. Due to vagueness, 
various different kinds of representations arguably exist. The representation which I present 
here appears to me to be the most simple and natural. This section is a brief summary of 
parts of a previous paper of the author [9]. 

Recall that a decomposition D of a vector \1/ has been defined as a finite or countable set 
of linearly independent vectors ^2, • • •} such that ^ T> := ^\ ^ = The reason why 
the elements of a decomposition are required to be linearly independent will be explained 
shortly. The pattern shown in fig. Q] is therefore represented by a suitable time-dependent 
decomposition {V t } t > such that 



where \l/o is the state of the universe at the initial time t = 0. For simplicity the decompositions 
{V t }t>Q will be assumed to be finite. The decompositions {T> t }t>o have the following two 
properties: (a) their elements are permanently non-overlapping, and (b) for £2 > t\ the 
decomposition V t2 is a "sub-decomposition" of the decomposition obtained by letting V tl 
evolve to the time t 2 . These two properties will be now expressed in a formal way. 

Property (a). A decomposition whose elements are permanently non-overlapping will be 
referred to as a permanent spatial decomposition. In order to formally define such a notion, 




(16) 
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the notions of exact spatial decomposition and of ( approximate ) spatial decomposition will first 
be defined. 

Let X denote the configuration space of the system, for example M. 3N ; on X the projection 
valued measure E is defined. Let X := {Ai, . . . , A„} be a finite partition of X. The symbol 
E(X)fy will denote the decomposition {E(Ai)ty, . . . , E(A n )^f}. A decomposition T> with 
^2 T> = \l/ is said to be an exact spatial decomposition if there exists a partition X such 
that D = E(X)ty. The elements of an exact spatial decomposition are obviously exactly 
non-overlapping. 

An approximate spatial decomposition can be defined as a decomposition which is ap- 
proximately identical with an exact spatial decomposition. In order to formally define such a 
notion, let us consider the following tentative definition of a function w of a generic decom- 
position V := {^i, . . . , ^ 2 }: 



.^N 'dative . / W^j-EjA^W } 

w(V) := lnfmax — — \, (17) 

where = YlT>, and X ranges over the partitions of X with n elements. We could therefore 
say that a decomposition T> is approximately a spatial decomposition if w{T>) pa 0. For reasons 
that will soon become clearer, it is better to generalize the definition of w as follows. If / is 
a subset of {1, . . . , n}, define := Yliei and Aj := Uj g /Aj. We therefore define: 



w(T>) := inf max 



|*j-E(Aj)*| 



# / ^ 11^11 

If w(T>) ~ the decomposition "D is said to be an approximate spatial decomposition, and its 
elements are said to be approximately non- overlapping. For the sake of brevity, the attribute 
"approximate" will be omitted below. 

As an example, consider a decomposition composed of two vectors {^1,^2}- 111 |9J it is 
shown that 

w(\^>^ tyo\) = — - — (19) 

Let us now define the notion of permanent spatial decomposition. Given the decomposition 
V : = . . . , ^ n }, let U{t)V denote the decomposition {U{t)^) l} . . . , U(t)V n }. Let w + (V) 
be defined as follows: 

w + {V) := supw[U(t)V}. (20) 

t>o 

If w + (T>) pa the decomposition T> is said to be a permanent spatial decomposition (PSD). 

As an example, consider a partition y := {£1, . . . , £„} of X. A necessary and sufficient 
condition for E(y)ty is a PSD is that, for any t > 0, a partition Af t := {A*, . . . , A^} of X 
exists such that 



WU^Ei^ - E(A\)U(t)^\ 



for any I C {l,...,n}. (21) 



Returning to property (a), it can be expressed by the following condition: 

w + (V t ) « for t > 0. (22) 
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Property (b). In order to define this property it is necessary in some way to define that 
the decomposition T> t2 is "finer" than the decomposition U(t 2 — ti)T> tl (note that both the 
decompositions are decompositions of the same vector U(t 2 )^/ ). We therefore say that a 
decomposition V is finer than a decomposition T> if there exists a map h :T>' — > "D such that 

#i = % for an y ^ G p - ( 23 ) 

If T>' is finer than D, we write T>' ^ P. In words, V ^ P iff T>' and T> are decompositions of 
the same vector, and every element of T> is the sum of a different subset of elements of V. 

It is easy to prove that: (i) if the map h exists it is univocally defined and surjective; 
(ii) ^ is a partial order; (iii) T>' -< T> implies that \\^T>' = and w(V) > w(T>). Point 
(i) derives from the fact that the elements of a decomposition are linearly independent, and 
this is the reason why this requirement has been included in the definition of decomposition. 
Moreover the second implication of point (iii) holds true because the general definition f ll8p 
has been chosen for w{T>) in place of f)17p . 

Property (b) can therefore be expressed by the following condition: 

T> t2 d U(t 2 - ti)V tl for t 2 >h. (24) 

According to the formal definition of properties (a) and (b) it is natural to define a tree 
structure for \l/ as a time-dependent decomposition {T> t } t > satisfying the conditions (TT^|) . 
(|2"2"|) . and (12"4"|) R A suitable tree structure formally represents the pattern of the wave function 
of the universe determined by PSD; of course this tree structure is only vaguely defined by the 
pattern, in the sense that (infinitely) many tree structures can represent the same pattern. 

6 Discussion 

In this paper the emphasis has been placed on the process of permanent spatial decomposition 
(PSD), i.e., the (hypothesized) property of the wave function of the universe of decomposing 
continuously into permanently non-overlapping parts. This process has been analyzed and 
compared with decoherence, showing that: (i) PSD is basically different from decoherence, 
because in the latter process only the interaction with the environment is considered, while the 
former also consider two processes preceding the interaction with the environment, namely 
microscopic decomposition and amplification, (ii) PSD, but not decoherence, provides a 
complete solution to the problem of how to single out a preferred decomposition of a suitable 
state vector into the sum of a finite or countable set of vectors; this allows PSD to provide a 
simple and non-elusive solution to the problems of how to decompose the state of microscopic 
system + apparatus after a measurement and how to define the worlds in the MWI. 

There are various interpretations or formulations of quantum mechanics which are strictly 
connected with PSD: These of course include the MWI, but also the de Broglie-Bohm for- 
mulation, for the reasons explained in section HJ Furthermore, two others have recently been 
proposed [TTJ [TH]: The first one is a proposal by the author according to which the particles 

4 These conditions are actually partially overlapping. Non-overlapping conditions are the following: (1) 
J2V = # 0j (2) V t2 < U{t 2 - h)V tl for t 2 > h, and (3) w(V t ) w for t > 0. 
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of the universe follow a trajectory constrained to remain inside a channel of the wave func- 
tion; this constraint is expressed mathematically by means of a new principle, the Quantum 
Cournot principle, which can be shown to be a generalization of the Born rule. The second 
proposal is a version of the MWI in which a mass ontology is added to the wave function, 
and in which the worlds are explicitly defined as channels of the wave functions. 

PSD is however independent of any interpretation/formulation, in the following sense: 
While the existence of an ontology such as trajectories or the mass ontology must be postulated 
and may be questioned, PSD has an objective character, i.e., at least in principle it can be 
deduced (or rejected) by only studying Schrodinger's evolution (and assuming non-cospirative 
initial conditions). The conceptual nature of PSD is therefore very different from the related 
interpretations/formulations. 

As mentioned previously, PSD is mainly known and considered in the rather restricted 
community of Bohmian physicists, and it is probably ignored by the majority of the physicists 
interested in subjects related to the preferred-basis problem, such as the measurement problem 
or the MWI. Moreover, it appears to me that in the community of Bohmian physicists the 
emphasis is placed on the ontology (e.g., trajectories or mass ontology) rather than on PSD, 
which is often assumed without further discussion as a natural property of the wave function 
(I also assumed this in my previous papers [30. 1?J). I now argue on the contrary that 
PSD is an important subject which deserves to be studied by itself, independently of any 
formulation/interpretation, and which deserves to be brought to the attention of the physicists 
considering decoherence to be the only solution to the preferred-basis problem. 



References 

M. Schlosshauer: Decoherence and the Quantum-to- Classical Transition. Springer (2007). 

L. Vaidman: Many-Worlds Interpretation of Quantum Mechanics. Stanford Encyclopedia 
of Philosophy. URL http://plato.stanford.edu/entries/qm-manyworlds/, 

J. Barrett: Everett's Relative- State Formulation of Quantum Mechanics. Stanford En- 



cyclopedia of Philosophy. URL http://plato.stanford.edu/entries/qm-everett/ 



W. H. Zurek: Decoherence and the transition from quantum to classical - REVIS- 
ITED. An updated version of PHYSICS TODAY, 44:36-44 (1991) article on decoherence, 
arXiv : quant-ph/0306072vl [ 



M. Tegmark: Many Worlds in Context. In S. Saunders, J. Barrett, A. Kent, and D. Wal- 
lace (eds.), Many Worlds? Everett, Quantum Theory and Reality, p. 553. Oxford Uni- 
versity Press (2010). 

D. Wallace: Everett and Structure. Stud. Hist. Philos. M. P. 34 (2003), 87-105. 
|arXiv:quant-ph/0107144v2[ 

H. D. Zeh: There are no Quantum Jumps, nor are there Particles! Phys. Lett. A172 
(1993), 189. 

H. P. Stapp: The basis problem in many-worlds theories. Can. J. Phys. 80 (2002), 1043- 
1052. |arXiv : quant-ph/0110148v2[ 



14 



B. Galvan: The permanent spatial decomposition of the wave function. larXiv : 09 10 . 4 694 , 

D. Bohm: A Suggested Interpretation of the Quantum Theory in Terms of "Hidden" 
Variables. I. Phys. Rev. 85 (1952), 166-179. 

D. Bohm: A Suggested Interpretation of the Quantum Theory in Terms of "Hidden" 
Variables. II. Phys. Rev. 85 (1952), 180-193. 

D. Bohm, B. J. Hiley, and P. N. Kaloyerou: An ontological basis for the quantum theory. 
Phys. Rept. 144 (1987), 323-375. 

D. Bohm and B. J. Hiley: The Undivided Universe. Routledge (1993). 

D. Diirr, S. Goldstein, and N. Zanghi: Quantum Equilibrium and the Origin of Absolute 
Uncertainty. J. Stat. Phys. 67 (1992), 843-907. |arXiv : quant-ph/0308039vTj 



W. Struyve and H. Westman: A new pilot-wave model for quantum field theory. AIP 
Conf. Proc. 844 (2006), 321-339. |arXiv : quant-ph/0602229vTj 

G. Peruzzi and A. Rimini: Quantum measurement in a family of hidden-variable theories. 
Found. Phys. Lett. 9 (1996), 505-519. arXiv : quant-ph/9607004vl [ 

B. Galvan: Generalization of the Born rule. Phys. Rev. A 78 (2008), 042113. 
larXiv:0806.4935v3l 

V. Allori, S. Goldstein, R. Tumulka, and N. Zanghi: Many-Worlds and Schrddinger's 
First Quantum Theory. To appear in The British Journal for the Philosophy of Science 
(2010), larXiv: 0903. 221 lv21 

H. -P. Breuer and F. Petruccione: The theory of open quantum system. Oxford University 
Press (2002). 

D. Giulini, E. Joos, K. Kiefer, J. Kupsch, I.-O. Stamatescu, and H. D. Zeh: Decoherence 
and the Appearance of a Classical World in Quantum Theory. Springer (1996). 

R. J. Glauber: Coherent and Incoherent states of the Radiation Field. Phys. Rev. 131 
(1963), 2766-2788. 

W. H. Zurek: Decoherence, einselection and the existential interpretation 
(the rough guide). Phil. Trans. R. Soc. Lond. A356 (1998), 1793-1821. 



arXiv : quant-ph/9805065vl 



C. J. Riedel and W. H. Zurek: Quantum darwinism in an everyday environ- 
ment: Huge redundancy in scattered photons. Phys. Rev. Lett. 105 (2010), 020404. 
larXiv: 1001 .3419v3l 

E. Joos and H. D. Zeh: The Emergence of classical properties through interaction with 
the environment. Z. Phys. B59 (1985), 223-243. 

M. Busse and K. Hornberger: Pointer basis induced by collisional decoherence. J. Phys. 
A: Math. Theor. 43 (2010), 015303. larXiv : 0910 . 1062v2l 



15 



[26] W. H. Zurek: Pointer basis of quantum apparatus: Into what mixture does the wave 
packet collapse? Phys. Rev. D24 (1981), 1516-1525. 

[27] A. O. Barvinsky and A. Y. Kamenshchik: Preferred basis in quantum theory and the 
problem of classicalization of the quantum universe. Phys. Rev. D 52 (1995), 743-757. 

[28] M. A. Rubin: There Is No Basis Ambiguity in Everett Quantum Mechanics. Found. 
Phys. Lett. 17 (2004), 323-341. |arXiv: quant-ph/0310186v2[ 

[29] L. Ballentine: Quantum Mechanics: A Modern Development. World Scientific Publishing 
Co. Pte. Ldt. (1998). 

[30] L. Hackermiiller, K. Hornberger, B. Brezger, A. Zeilinger, and M. Arndt: Decoherence 
of matter waves by thermal emission of radiation. Nature 427 (2004), 711-714. 

[31] M. Brune, E. Hagley, J. Dreyer, X. Maitre, A. Maali, C. Wunderlich, J. M. Raimond, 
and S. Haroche: Observing the Progressive Decoherence of the "Meter" in a Quantum 
Measurement. Phys. Rev. Lett. 77 (1996), 4887-4890. 

[32] M. Schlosshauer: Decoherence, the Measurement Problem, and Interpretations of Quan- 
tum Mechanics. Rev. Mod. Phys. 76 (2004), 1267-1305. |arXiv : quant-ph/0312~0 59v4 . 

[33] H. R. Brown and D. Wallace: Solving the measurement problem: de Broglie-Bohm loses 
out to Everett . Found. Phys. 35 (2005), 517-540. |arXiv : quant-ph/0403094vl [ 

[34] D. Diirr and S. Teufel: Bohmian Mechanics. Springer- Verlag (2009). 

[35] G. Bacciagaluppi: The Role of Decoherence in Quantum Mechanics. Stanford Encyclo- 
pedia of Philosophy. URL http://plato.stanford.edu/entries/qm-decoherence/ 

[36] B. Galvan: Typicality vs. Probability in Trajectory- Based Formulations of Quantum Me- 
chanics. Found. Phys. 37 (2007), 1540-1562. |arXiv : quant-ph/0605162vl0| 



16 



